Introduction {#Sec1}
============

Bryophytes are the descendants of Paleozoic Rhyniopsida which exhibited the gametophyte-dominated life cycles. Historically, bryophytes were considered a taxonomic division that included three classes: hornworts, liverworts and mosses. Recently, the name Bryophyta has been assigned to the proper mosses (Shaw and Goffinet [@CR32]). In 1947, Buch suggested to divide Bryophyta into endo-, ecto- and mixohydric species, depending on their water relations (Markert and Weckert [@CR24]). Endohydric species, such as *Polytrichastrum formosum*, have internally diversified systems of water conduction which transport water in a way similar to that in higher plants. Their leaves have epidermis and cuticula, which hamper the water intake through surfaces. Ectohydric species, such as *Pleurozium schreberi*, have no vascular bundles, so they absorb nutrients directly from the wet and dry deposition. The species which fall between the ecto- and endohydric mosses are called mixohydric (Schofield [@CR31]). They have less diversified and less efficient vascular bundles than the endohydric species.

The methods using plant and animal organisms to assess the environmental pollution and the mechanisms of pollutant translocation developed rapidly in the second half of the twentieth century. A significant example of such approach was the application of mosses and lichens to evaluate the distribution of radionuclides released to the atmosphere from the trial nuclear blasts in the 1950s and 1960s (Kłos et al. [@CR20]). Every 5 years since 1990, many European countries carry out the cyclic studies of trace elements accumulated in mosses. The studies belong to the International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and Crops (Harmens et al. [@CR17]a). The programme is coordinated by the ICP Vegetation Coordination Centre, the Centre for Ecology and Hydrology in Bangor, UK. In 2005, it gathered 28 countries, including Poland (Harmens et al. [@CR17]a, [@CR18]). Similar studies were carried out in 2000 by the Vysehrad Group countries---Hungary, Czech Republic, Poland and Slovakia (Suchara et al. [@CR34]). Biomonitoring studies utilising mosses include also the local cases, such as a pilot study comparing the sorption properties of various moss species in Latvia 1993 (Ceburnis et al. [@CR6]); determination of the concentrations of heavy metals in moss samples collected around the industrial facilities in Estonia, in 1992, 1997 and 2002, carried out to estimate the distribution of the deposition of these metals in the vicinity of their sources (Liiv and Kaasik [@CR23]); studies in the Romanian city of Baia Mare hosting several copper, zinc and lead works (Culicov et al. [@CR11]); studies in Bulgaria and the European part of Turkey (Coşkun et al. [@CR9]); studies in Greece (Yurukova et al. [@CR35]) and studies in Belgrade, where moss samples collected in autumn 2004 were analysed using the neutron activation analysis (INAA) to determine 36 elements and to indicate their main sources---fuel burning for energy production and vehicle emissions (Aničić et al. [@CR1]). Determination of heavy metals accumulated in mosses were also carried out in Vietnam (Nguyen-Viet et al. [@CR27]), Pakistan (Rahman et al. [@CR30]) and in the South Ural (Smirnov et al. [@CR33]).

The biomonitoring methods usually utilise the ectohydric mosses such as *P. schreberi* (Zechmeister et al. [@CR36]), *Hylocomium splenders* (Grünfeld [@CR16]), *Hypnum cupressiforme* (Coşkun et al. [@CR8]), *Scleropodium purum* (Couto et al. [@CR10]) and *Dicranella heteromalla* (Astel et al. [@CR2]), while the endohydric mosses are used rarely. It is assumed that the ectohydric mosses uptake the mineral components mainly from the wet and dry deposition, so they are not much influenced by the soil composition (Fernández et al. [@CR14]; Gjengedal and Steinnes [@CR15]). Some authors disagree with that and claim that the ectohydric mosses also can translocate the elements from the soil and conduct them internally (Eckstein and Karlsson [@CR13]; Okland et al. [@CR28]). Within the structures of the ectohydric mosses, water is transported due to the capillary forces (Dilks and Proctor [@CR12]; Proctol and Tuba [@CR29]). Mosses which lack the conducting system have elongated cells, which promote the transport of water driven by the surface tension.

The presented study was aimed at the qualitative evaluation of the translocation of metals from the soil to the green parts of the ectohydric and epigeal moss *P. schreberi*. Two mechanisms of the process were considered, one based on the transfer of metals with dusts uplifted from the soil and the other based on the diffusion of metal ions in aqueous solution wetting a moss. The results of the study should help to interpret the data from the biomonitoring studies utilising mosses to evaluate the deposition of pollutants.

Materials and Methods {#Sec2}
=====================

The research was arranged into two stages. The first stage was carried out to evaluate the translocation of pollutants with dusts uplifted from the soil. The marker used was ^137^Cs, which had no inflowing character at the time of the study. The second stage dealt with the translocation of pollutants by diffusion in aqueous solutions wetting the mosses. Sodium, copper or cadmium ions were used as markers in three various experimental setups.

Translocation of Pollutants with Dusts Uplifted from the Soil {#Sec3}
-------------------------------------------------------------

Kinetics of ^137^Cs translocation with dusts uplifted from the soil was evaluated using the epigeal moss *P. schreberi*. The results were compared to those published earlier for the epiphytic lichen *Hypogymnia physodes* (Kłos et al. [@CR22]). Samples of the moss and the lichen including their natural substrates were taken from the forest area in which the ^137^Cs activity in soil was lower than 100 Bq kg^−1^ and exposed in another forest area, where the activity exceeded 1,400 Bq kg^−1^. The areas were located within the Opole Anomaly---the region in which the activity of ^137^Cs recorded in 1994 in the surface layer of soil 10 cm thick locally exceeded the country mean value by a factor of hundred (Jagielak et al. [@CR19]). The radioactive caesium has been originally released by the Chernobyl disaster and is still deposited in the forested areas and wastelands of the Opole Anomaly.

The moss samples including the substrate were placed directly on the soil, while the lichen-covered branches were placed 1.0 to 1.5 m above the ground, on the heaps of dry spruce branches arranged horizontally in places unshaded by large tree crowns. The control samples of the moss and the lichen were transplanted accordingly within the areas with low soil activity of ^137^Cs. All transplants were exposed for 220 days and sampled three times for the analyses. After the exposition, the 14-g samples of all transplants were cleaned of mechanical impurities, dried at 363 K and analysed for the ^137^Cs activity.

Diffusion in Aqueous Solution Wetting the Moss {#Sec4}
----------------------------------------------

Translocation of pollutants by diffusion in solutions was examined both in the laboratory and in the field experiments.

### Laboratory Experiments {#Sec5}

Samples of the moss for the laboratory experiments were collected from a single place 1 m^2^ large. The samples were moved to the laboratory, dried without prior washing and cleaned of mechanical impurities.

Figure [1](#Fig1){ref-type="fig"} shows two laboratory setups used for two different sets of experiments. In the first set of experiments, the electric conductance of a wetted gametophyte was measured in time. First, the gametophyte was connected to platinum electrodes, wetted and immersed with one end in 20 cm^3^ of demineralised water in a closed container equipped with a pipette (Fig. [1a](#Fig1){ref-type="fig"}). The conductance of the gametophyte changed due to salts released from the extracellular spaces and, probably, also from the intracellular spaces. After about 20 h, when the conductometer readings stabilised, 2 cm^3^ of solution was removed from the container using the built-in pipette and replaced with 2 cm^3^ of a 1-mmol dm^−3^ (63.6 mg dm^−3^) solution of copper sulphate. The changes of electric conductance in time, which indicated the diffusion of ions in the solution, were recorded. The experiment was repeated for sodium ions (*c*~Na~ = 2 mmol dm^−3^ or 46.0 mg dm^−3^), which have much lower affinity to the sorption structures of mosses than the copper ions. The gram-equivalent concentrations (val per cubic decimeter) of copper and sodium ions were identical.Fig. 1**a**, **b** Setups for the laboratory experiments

The second set of experiment consisted in placing the ends of several gametophytes in 200-g portions of clean soil (a control sample) and soil artificially contaminated with solutions of Cu or Cd salts (Fig. [1b](#Fig1){ref-type="fig"}). The samples were placed in glass cylinders 20 cm high and 20 cm in diameter. Each experiment lasted for 10 days. Twice a day, the moss samples were wetted with about 5 cm^3^ of demineralised water.

After 10 days of exposition, the upper parts of the moss samples were dried at 363 K, homogenised and mineralised in a microwave mineraliser. Copper and cadmium were determined using the flame version of the atomic absorption spectrometry (F-AAS).

### Field Experiments {#Sec6}

Field experiments were carried out in a forest located 20 km away from the city of Opole. Figure [2](#Fig2){ref-type="fig"} shows the arrangement of the experimental site. Mosses and several genetic layers of soil were removed from a rectangular plot of soil about 0.5 m^2^ large. Then, a box was placed in the hole and filled with removed layers of soil carefully arranged in the proper order. The soil in the box was wetted with 5 dm^3^ of a 70-mg dm^−3^ solution of Cd salt. Finally, the removed moss was carefully placed atop the soil in the box. The area around the box was restored to the original condition.Fig. 2The site for the field experiments

The site was left unattended for 2 months, from January to February 2011. Then, samples of the moss and soil were taken from the box and from six places in the distance of 1--5 m from the box. The samples were homogenised, dried at 363 K and mineralised in a microwave mineraliser. Copper and cadmium were determined using the F-AAS.

Analysis {#Sec7}
--------

The electric conductance of gametophytes was measured with a CC-551 conductometer from Elmetron, Poland. The cell with platinum electrodes supplied with the alternating current of 10 kHz was shown in Fig. [1a](#Fig1){ref-type="fig"}.

The ^137^Cs activity in samples was measured with a gamma spectrometer fitted with a high-resolution germanium detector HPGe (Canberra) characterised by a 1.29-keV FWHM at 662 and 1.70 keV FWHM at 1,332 keV, as well as a relative efficiency of 21.7%. Both the measurements and the analyses of spectra were computer controlled with the GENIE 2000 software.

Concentrations of copper and cadmium in solutions after mineralisation were determined with an atomic absorption spectrometer SOLAAR 969 from UNICAM/Thermo Electron Corporation, USA. The spectrometer was calibrated against standards available from ANALTYIKA Ltd., Czech Republic. The upper limits of the linear relations between the concentrations of the analytes and the instrument signal were assumed equal to the highest concentrations of the calibration standards: 5 mg dm^−3^ for Cu and 2 mg dm^−3^ for Cd.

Quality Assessment/Quality Control {#Sec8}
----------------------------------

The energy and efficiency calibration of the gamma spectrometer was performed against standard solutions type MBSS 2 from the Czech Metrological Institute in Prague, which covered the energy range from 59.54 keV (^241^Am) to 1,836.06 keV (^88^Y). Geometry of the calibration source and samples was a 450-cm^3^ Marinelli container. The minimum detectable activity was lower than 2.0 Bq kg^−1^. The quality control of the Cu and Cd analyses was assured by determination of the method quantification limits (MQLs), test analyses of the BCR-482 *lichen* reference materials from the Institute for Reference Materials and Measurements in Belgium and the comparative interlaboratory analyses carried out in cooperation with the Health Institute in Hradec Králové, Czech Republic (ZÚHK).

The MQL values obtained in both laboratories for the determination of Cu and Cd in mosses and lichens were 0.5 μg g^−1^. The results of test analyses of the BCR-482 reference material are summarized in Table [1](#Tab1){ref-type="table"}. The maximal standard deviations of the mean, characterising the results obtained for the homogenised moss samples, were 3.9% for Cu and 10.3% for Cd.Table 1Measured and certified values of Cu and Cd concentration in BCR 482 lichen reference materialElementCertified value±UncertaintyMean±SD*D*^a^ (%)μg g^−1^ d.m.Cu7.030.196.540.18−7.0Cd0.560.020.500.04−6.3^a^Deviation---a difference between a measured value and a certified value, divided by the certified value*d.m.* dry mass

Results and Discussion {#Sec9}
======================

Translocation of ^137^Cs from Soil to Mosses and Lichens {#Sec10}
--------------------------------------------------------

Samples of the moss and the lichen including their natural substrates were taken from the forest area in which the ^137^Cs was low and transplanted for exposition in another forest area, where the ^137^Cs activity in soil exceeded 1,400 Bq kg^−1^. The transplanted mosses and lichens were sampled for analyses on the 54th, 157th and 220th day of the exposition. Samples after the ^137^Cs analyses were not used again. Figure [3](#Fig3){ref-type="fig"} shows the kinetics of the ^137^Cs translocation from the soil to the epiphytic lichen (Kłos et al. [@CR22]) and to the epigeal moss. The uncertainty of the ^137^Cs determination has not exceeded ±6%.Fig. 3Kinetics of ^137^Cs translocation from soil to mosses and lichens

For many years, the radioactive ^137^Cs occurring in the area selected for the present study has not had the influent character. For instance, the mean ^137^Cs activity in air determined for Poland was 1.4 μBq/m^3^ in the third quarter of 2006 (Message [@CR25]) and 1.0 μBq/m^3^ in the third quarter of 2010 (Message [@CR26]). Therefore, the radioactive caesium accumulated in mosses and lichens exposed in this study originated mainly from the soil. Its main source was the plant fragments uplifted from the soil by winds and deposited to the moss and lichen surfaces. The activity of ^137^Cs in control samples exposed over the soil with low ^137^Cs activity exhibited no statistically significant variation. The moss/lichen values in becquerels per kilogram were 21.2/17.4 initially, 26.4/20.8 after 54 days and 25.3/19.1 after 220 days. Larger increase of the ^137^Cs concentration in mosses than in lichens could result from a relatively higher deposition of the local dust on mosses exposed directly on the soil than on lichen exposed at 1.0 to 1.5 m above the soil, as well as from the diffusional processes discussed in the following section.

Translocation of pollutants with dusts uplifted from the soil is always considered in the biomonitoring studies. The share of the analytes originating from the soil is evaluated using the enrichment factors which compare the relative concentrations of analytes in mosses (Bargagli et al. [@CR3]) or in lichens (Bergamaschi et al. [@CR4]) to these in the soil. The relative concentrations are usually calculated against aluminium or scandium, the elements that rarely enter the atmospheric aerosol from the anthropogenic sources. If the shares of an analyte in the soil and in a moss or lichen are proportional, the soil can be indicated as a source of this analyte. Sometimes the scandium and aluminium reference elements are replaced with the sum of the concentrations of the rare earth elements (Chiarenzelli et al. [@CR7]).

Diffusion in Aqueous Solutions Wetting the Mosses {#Sec11}
-------------------------------------------------

Figure [4](#Fig4){ref-type="fig"} shows the changes of the relative electric conductance of a gametophyte, *G*/*G*~0~, in time. The variable *G*~0~ is the stable conductance of water after the first stage of the experiment (∼20 h), while *G* is the electric conductance measured after the addition of the CuSO~4~ solution (Fig. [4a](#Fig4){ref-type="fig"}) or NaCl solution (Fig. [4b](#Fig4){ref-type="fig"}). The choice of the relative conductance was justified by the undefined geometry of the measured system. The measurements were taken either continuously, with the conductometer permanently switched on, or at the beginning and at the end of the experiment only (after 480 min for CuSO~4~ and 240 min for NaCl), to check up on the effect of the diffusion forced by the electrical field generated by the conductometer.Fig. 4Changes in time of the relative electric conductance *G*/*G*~0~ of a wetted gametophyte with one end immersed in aqueous solution of **a** CuSO~4~ and **b** NaCl

Data presented in Fig. [4](#Fig4){ref-type="fig"} prove the diffusion of ions takes place in the solution wetting a gametophyte. Although the concentrations of Na and Cu ions in the experiments were higher than their concentrations in natural soil solutions, the experiments clearly indicated the plausibility of the diffusional mechanism of ion transport from the soil to mosses. Copper diffused much slower than sodium, since it was much better sorbed by the moss. The presented results are qualitative only because the gametophytes used had different sizes. Table [2](#Tab2){ref-type="table"} shows the results of the laboratory experiments carried out to evaluate the increasing concentrations of Cu and Cd in gametophytes with ends rooted in contaminated soil (Fig. [1b](#Fig1){ref-type="fig"}).Table 2Concentrations of Cu and Cd accumulated in gametophytes exposed for 10 days to soil contaminated with these metals (displayed errors are standard deviations)MetalMetal concentration (μg g^−1^ d.m.)SoilMossControl sampleSampleControl sampleSampleCu4.32 ± 0.18120 ± 1212.62 ± 0.7819.3 ± 7.0Cd1.35 ± 0.1813.1 ± 1.11.75 ± 0.162.35 ± 0.0826.20 ± 0.964.25 ± 0.18

Data in Table [2](#Tab2){ref-type="table"} show the concentrations of metals in gametophyte and in the soil are correlated. The observation confirms the thesis that metal cations can diffuse from the soil up to the green parts of mosses. Again, the concentrations of Cu and Cd in the experiments were higher than in the forest soil under the natural conditions. However, only under such conditions, the statistically significant changes of metal concentrations in the gametophytes could be followed.

Table [3](#Tab3){ref-type="table"} shows the results of the experiment carried out in the field (Fig. [3](#Fig3){ref-type="fig"}). Cadmium was used as a model pollutant because it has higher mobility in soil and thence higher bioavailability for plants than copper (Brallier et al. [@CR5]).Table 3Concentrations of Cd accumulated in gametophytes exposed for 2 months under field conditions (displayed errors are standard deviations)SampleConcentration of Cd (μg g^−1^ d.m.)Forest soil1.49 ± 0.28Contaminated soil7.11 ± 0.44Moss from the forest1.80 ± 0.22Moss from the box2.98 ± 0.18

The results of the field experiment also show the statistically significant increase of cadmium concentration (65%) in mosses growing on the contaminated soil. Translocation of Cd with dusts uplifted from the soil was avoided, as the experiment was carried out in wet winter period (January and February).

In the natural habitat of the mosses, translocation of heavy metals from soil is influenced by many abiotic factors either enhancing or hampering the process. For instance, the chemical composition and sorption properties of the soil influence the mobility and bioavailability of metals. The climatic conditions influence the soil wetness, which reduces the translocation of metals with dust but favours their diffusional transport through the solutions wetting the mosses. The aforementioned mechanisms of translocation are also valid for macroelements necessary for the plants, such as Na, K, Mg and Ca cations. Under the natural conditions, macroelements reduce the sorption of heavy-metal cations, as shown for lichens (Kłos et al. [@CR21]).

Conclusions {#Sec12}
===========

The presented results indicate two different mechanisms controlling the translocation of heavy metals from soil to the epigeal mosses. The first mechanism consists in transporting the metals with the dusts uplifted from the soil, while the second one employs diffusion of metal cations through the aqueous solutions wetting the mosses. The shares of each mechanism in the translocation depend on the local climatic conditions. Detail study of the factors influencing both mechanisms can by advantageous for the interpretation of the biomonitoring studies based on mosses.
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